Modulating Intracellular Ice Growth with Cell-Permeating Small-Molecule Ice Recrystallization Inhibitors.
Ice formation remains central to our understanding of the effects of low temperatures on the biological response of cells and tissues. The formation of ice inside of cells and the net increase in crystal size due to recrystallization during thawing is associated with a loss of cell viability during cryopreservation. Because small-molecule ice recrystallization inhibitors (IRIs) can control the growth of extracellular ice, we sought to investigate the ability of two aryl-glycoside-based IRIs to permeate into cells and control intracellular ice recrystallization. An interrupted graded freezing technique was used to evaluate the IRI permeation into human red blood cells (RBCs) and mitigate cell damage during freezing and thawing. The effect of IRIs on the intracellular growth of ice crystals in human umbilical vein endothelial cells (HUVECs) was visualized in real time under different thawing conditions using fluorescence cryomicroscopy. Adding an aryl glycoside to 15% glycerol significantly increased post-thaw RBC integrity by up to 55% during slow cooling compared with the 15%-glycerol-only control group. The characteristics of the cryobiological behavior of the RBCs subjected to the interrupted graded freezing suggest that the aryl-glycoside-based IRI is internalized into the RBCs. HUVECs treated with the IRIs were shown to retain a large number of small ice crystals during warming to high subzero temperatures and demonstrated a significant inhibition of intracellular ice recrystallization. Under slow thawing conditions, the aryl glycoside IRI p-bromophenyl-β-d-glucoside was shown to be most effective at inhibiting intracellular ice recrystallization. We demonstrate that IRIs are capable of internalizing into cells, altering the cryobiological response of cells to slow and rapid freezing and controlling intracellular ice recrystallization during freezing. We conclude that IRIs have tremendous potential as cryoprotectants for the preservation of cells and tissues at high subzero temperatures.